In this study, a three-dimensional finite element model was established to simulate the dynamic response of a large-scale steelreinforced concrete composite high-pile wharf with a rock-socketed steel sheath. e model is based on the second phase of the Chongqing Orchard Harbor structure project in conjunction with the project "Research on the mechanism of interface damage and energy dissipation of the structure of the large-scale steel-reinforced concrete composite high-pile wharf in inland waters." e stiffness of frame wharf is studied from the perspective of modal and transient dynamic analysis of structural dynamics. e distribution of the low-order modal frequency is more uniform. With the increase of the order, the modal frequency of the structure shows a periodical jump. e overall stiffness of the frame structure is larger with the steel sheath, and the longitudinal stiffness is less than the transverse stiffness. Under the action of transverse impact load, the members and joints of the steelconcrete structure exhibit synchronous mechanical response characteristics in the time domain. e peak values of displacement and stress of the structural joints occur 0.05 s after the peak value of the load-time history, and the peak value of reverse response of force occurs at 2.3 s, which is markedly smaller than the peak value of the response of load direction. Reducing the local positional stiffness of the load point is beneficial to improve the stress of the entire structure. e weak links of the frame structure appear at the joints of the members. Because of the hoop action of the steel sheath, the stress of the reinforced concrete pile core is more uniform. e peak value of the equivalent stress of the steel sheath member is generally larger than that of the reinforced concrete pile core, and the stress is highly concentrated at the joints of the steel tube longitudinal and transverse braces.
Introduction
As a result of the normal operation plan of the ree Gorges Reservoir, which has a maximum water level of 175.00 m, the wharf upstream of the dam in the reservoir area will experience a long period of deep water, as well as a flood period in which the water level will steeply rise and fall. However, the construction period, during which the water level is low, is very short. Furthermore, the geological condition of the reservoir bank at the wharf construction site is bare rock or bedrock covered with a very thin soil layer, which is characterized by large vertical and horizontal fluctuations of bedrock, interlaced sandstone, and mudstone, a large topographic height difference, and a large volume of soil and rock in the port land area. e traditional wharf structure cannot meet many aspects of the demand, including construction and use after completion. erefore, the steel shell rock-socketed pile frame wharf has been widely used. To date, some preliminary research results have been obtained on the static load mechanical properties of structures. e steel pipe made of a rib-steel plate was first used in Dazhi Bridge in Japan [1] , and the ribs allowed the steel pipe and the reinforced concrete in the pipe to achieve the overall stress effect. e pipe with the rib-steel plate was appraised by the construction center of Japan in 1984. Compared with a concrete-filled steel tube composite pile without the rib, it had better economic performance. Using steel tubes to restrain concrete can effectively prevent the development of concrete cracks so that the steel sheeting has higher bearing capacity, better plasticity, and improved toughness compared with the traditional concrete-filled steel tube structure, and it improves the compressive strength and strain capacity of concrete. Largescale tests, elastic-plastic dynamic analysis, and parametric moment and curvature analysis have found that the failure limit state of hyperbolic bending is mainly controlled by the tensile strain of longitudinal reinforcement at the top hinge. When subjected to single curvature bending, the ultimate state is controlled by the tensile strain in the tube at the underground hinge. However, for steel pipes with single curvature and relatively large thickness, the structure may remain elastic during an earthquake [2, 3] . e bearing capacity of a rock-socketed pile with a steel shell is affected by factors such as the pile diameter, the embedded depth of the pile body, rock mass modulus, the position of the operation point, and the width of flaps. e effect of the steel tube reduces the displacement of the pile top by at least 50%, and the steel tube bears nearly 60% of the bending moment, while the tube at the maximum point of the antibending moment only bears about 28% of the bending moment [4] [5] [6] . Under the action of lateral load, the large-diameter rock-socketed concrete-filled steel tube pile bears most of the lateral load, so the stress concentration effect near the bottom of the steel tube should be considered in the design. Both the steel tube and backfill sand can effectively limit the displacement of the pile under the action of working load [7] . e use of a wharf structure for the frame structure has received little research attention. To date, comparisons with field load test validation and many changes in the parameters of numerical analysis have revealed that the joint shear force of vertical and horizontal braces with steel liners is bigger and the front row pile structure is larger. At the steel liner and reinforced concrete junction, steel liners form a vertical and horizontal brace connection for a structure with weak links [8, 9] .
In 1987, aiming to study the dynamic response of structures under impact dynamic loads, Eibl et al. conducted theoretical analysis and experimental research on the structural design of concrete beams and columns that were resistant to accidental impact [10] . In 1992, Louw compared the dynamic response and static characteristics of 28 concrete cantilever columns when they were impacted by lateral loads [11, 12] . Zhang et al. found that the vibration period of the full vertical pile wharf under the cyclic load is longer than that of the high pile wharf near the shore and closer to the vibration period under the wave load. Under the wave dynamic load, the dynamic amplification of the full vertical pile wharf structure is obvious, and the dynamic amplification system of the displacement of the full vertical pile wharf under the wave cyclic load and the ship impact load number were calculated [13, 14] . e unstructured frames and pipes at the top of the wharf connect the adjacent sections together, which has an important influence on the dynamic characteristics of the wharf, especially the longitudinal dynamic characteristics [15] .
In recent years, many domestic and international scholars have studied the dynamic characteristics of concrete under impact by using numerical simulation and damage theory [16] . At present, there have been many studies on the impact of reinforced concrete. However, because of the relatively late use of the concrete-filled steel tube, which is characterized by beams, columns, and rods, little research on its impact has been carried out, although some qualitative analysis results have indicated the good impact resistance of the concrete-filled steel tube [17] . In 1998, the first study of the lateral impact failure of the hollow steel tube was completed by Dr. Tieguang Zhang in Cambridge University. He tested and theoretically analyzed a variety of elastic impact hollow steel tubes and reported various failure modes of a steel tube under lateral impact. He concluded that steel tubes have good impact resistance [18] .
Modal analysis is also a part of structural dynamic analysis. Modal analysis is an important method to determine the stiffness distribution of a wharf structure and learn the stiffness strength of each part of the system. Additionally, it is an important method for the dynamic design and fault diagnosis of a wharf structure [19] . ere have been few modal analysis studies on the structure of the domestic wharf. Gu [20] was the first to apply the modal test to wharf structure analysis. In the study, by analyzing the modal test under the three constraints of the large cylinder model, the first three-order mode shapes of the large cylinder wharf structure are obtained, and the modal changes in the wharf structure were analyzed after adding a superstructure. Huang et al. [21] established a spatial model by the finite element method, studied the natural vibration frequency and mode distribution of an overhead vertical wharf structure, and discussed the dynamic characteristics of the wharf structure. Song [22] used the finite element method to establish a simply supported beam-slab model to analyze the modality of the overhead ramp structure of the automobile downhill dock. Structural dynamic characteristics were used to find the dangerous area during structural vibration, which provided a basis for the design of the wharf. Xu [23] aimed to study the shaking phenomenon of a high-pile wharf structure during the operation period. e dynamic finite element numerical analysis method was used to analyze the natural vibration frequency of the wharf structure, and the natural vibration frequencies of the different treatment measures were compared. Finally, the wharf shaking problem was effectively solved. Zhou et al. [24] used the finite element method to establish a finite element model of a pier structure for modal analysis. ey obtained the modal characteristics of the pier structure and evaluated its safety by combining the basic working conditions of the pier.
Harmonic response analysis [25] is used to determine the law of the maximum value of the steady-state dynamic response of the linear structure with the load frequency to continuous load changes according to sinusoidal law over time. Spectral analysis is an analytical method that combines the structure of modal analysis with the known spectrum to calculate the maximum dynamic response of the structure. It is mainly used to determine the dynamic response of the structure to random loads or load variation over time.
Transient dynamic analysis, also known as time history analysis, is used to calculate the dynamic response of a structure under loads (such as sudden load, impact load, and fast-moving load) that change with time. e aim of transient dynamic analysis is to determine displacement, stress, strain, and other changes over time under dynamic load. e relationship between them is shown in Figure 1 .
In this study, the Solid65 solid element was used to simulate the pile body between the steel casing and the pile foundation in order to accurately and reasonably reflect the nonlinear contact between the steel casing and the reinforced concrete pile foundation when the steel casing is involved in the pile body force. e contact situation was selected by using the Targe 170 target unit and the Conta173 contact unit to form a contact pair. Modal analysis and transient dynamic analysis are proposed for analyzing the steel-filled rock-socketed pile frame wharf.
Numerical Modeling

Engineering Structure Overview.
A structural section of the second phase of Chongqing Orchard Port was used as the prototype.
e structural section includes five rows of shelves, each of which is three-span four-pile. e span and spacing are 0.8 m, the diameter of the front steel cylinder is 2.2 m, and the diameter of the rear three rows of the steel cylinder is 2 m. e frame structure is shown in Figure 2 . e longitudinal and transverse braces of the lower part of the frame structure are hollow steel tubes, the longitudinal and transverse braces of the upper structure are reinforced concrete beams, and the upper part of the steel barrel is connected with the longitudinal and transverse bracing joints of the reinforced concrete. e upper part of the frame structure is the longitudinal and transverse beams of the wharf, and the upper part of the beam is the two-way slab.
Numerical Model
Unit Selection.
According to the characteristics of the overhead vertical wharf structure with steel casing in the pile body, six types of units were selected for numerical simulation, namely, Beam188 unit, Solid65 unit, Shell63 unit, Shell181 unit, Tar170 unit, and Conta173 unit. e Beam188 unit-a three-dimensional linear finite strain beam element-was used to simulate the beam, track beam, column, transverse contact beam, and longitudinal contact beam in the frame pier structure. e Solid65 solid element was used to simulate the pile body and the contact between the steel casing and the pile foundation in order to realistically and reasonably reflect the nonlinear contact between the steel casing and the reinforced concrete pile foundation when the steel casing is involved in the pile body force. In this case, the Targe 170 target unit and the Conta173 contact unit were used to form a contact pair for simulation, and the Shell63 shell unit was used to simulate the panel. In addition, all the steel members in the structure, such as the steel casing, steel cross bracing, steel longitudinal bracing, steel front bracing, and steel shipbuilding members, were simulated by the Shell181 shell unit. e finite element calculation model used in this study has a large scale, with 445,768 units and a total of 379,841 nodes. e finite element calculation model is shown in Figure 3 .
Material Parameter Selection.
In the finite element analysis of the reinforced concrete pile base in the wharf structure, reinforced concrete is composed of two completely different materials. If the characteristics of the two are taken into account separately, the modeling is more complex, which substantially increases the freedom of structural displacement and is not conducive to solving the problem. Generally, when we carry out structural analysis, we equate reinforced concrete to homogeneous materials by using equivalent material characteristics, such as elastic modulus and weight. e material parameters set by finite element analysis in this chapter are shown in Table 1 .
Determination of Boundary Conditions and Impact
Loads. In the numerical model, the embedded point of pile foundation is set as consolidation, and the consolidation position is at the bottom of pile, where the displacement in all directions is zero.
is paper focuses on the structural dynamic response of the terminal structure: it considers the steel guard effect under the dynamic effect of a simulated ship impact force, so it does not consider load effects such as load and cable ingress on the dynamic characteristics of the terminal structure; it only examines the dynamic response of the terminal itself. e load encompasses only the impact load that the structure bears under self-weight and the impact load change curve over time: that is, the impact force-load time curve is related to the performance curve of the guard and the stiffness of the structure itself, and it needs to be determined by appropriate tests. e dynamic load chosen in this study is a simplified half-sine pulse load with a load duration of 2 s, and its peak value was determined from the peak value of the sine wave load in the experiment. e impact force should be determined according to the ship's effective impact energy, the performance curve of the rubber fender, and the stiffness of the berthing member. e impact force acts on two fenders in the prototype structure; given a single fender reaction force of 516 kN, the ship's impact force is 1032 kN. In a dock structure test, the reverse force of the wharf structure was 10.32 kN using a similar ratio. e impact load is shown in Figure 4 . 
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Contact Parameter Setting between Steel Casing and Pile Foundation.
e contact relationship between steel pile casing and reinforced concrete pile core of pile foundation includes normal relationship and tangent relationship.
(1) Normal Relation. In the normal relationship, the transmission of contact force should be satisfied, and there is no penetration between the two contact surfaces. For the Conta173 contact unit selected in the calculation model in this paper, the contact stiffness is defined by the real constant FKN, which is set to 0.1. e steel casing and the pile foundation are defined as hard contact, and no penetration occurs between the two contact surfaces to reflect the limitation of the lateral compression stress of the steel casing on the reinforced concrete pile under the dynamic load. (2) Tangential Relation. In the tangential relationship between the steel casing and reinforced concrete piles-assuming that there is only a relative sliding trend between the steel casing and reinforced concrete pile foundation under external loads, but no relative sliding occurs-the static friction coefficient between the two contact surfaces is defined as 0.25 [26] , which reflects the axial friction effect of the steel casing on reinforced concrete piles under dynamic load.
Load Conditions.
Comparison of the results of the dynamic response test of the wharf structure was facilitated by applying the impact force to the P1 framed bend of the whole structure under five conditions corresponding to the dynamic response test (Figure 4 ).
Experimental Verification.
A structural section of the second phase of Chongqing Orchard Port was used as a prototype, and a physical model with a geometric scale of 1 : 10 was produced. See Figure 5 for details. e position and number of strain gauges for each section of the member are shown in Figure 6 .
In working conditions 3 and 5, the transient strains at two points above the steel sheath were collected, and the experimental data and numerical calculation data were compared. See Figures 7 and 8 for details. e results show that the numerical model can better reflect the dynamic response of the structure under lateral impact load.
Numerical Analysis
Computational Model Analysis of the Overhead Vertical
Wharf with Rock-Socketed Cast-In-Place Piles with a Steel Retaining Barrel. In the actual calculation, it is important to consider the modes that contribute to the satisfaction of the actual project needs, thereby considerably reducing the workload required to solve the problem. erefore, the natural frequencies and natural periods corresponding to the first 30 modes of the experimental model structure of the orchard wharf were analyzed by using finite element software and are listed in Table 2 . Figure 9 shows the frequencymodal order curve of the model structure, which is drawn with the data obtained from the modal analysis.
(1) e frequencies from the first to the third order of the structure are 11.889-13.764 Hz, and the corresponding modes of the first and third orders of the structure are of horizontal motion in the plane without vertical motion. e natural frequencies of the wharf model structure first appear in the region of lower stiffness. e transverse members (such as the cross beam, reinforced concrete cross brace, and steel cross brace) in the structure give the framed bend better integrity and greater stiffness. Longitudinal members (such as longitudinal beams, reinforced concrete longitudinal braces, and steel longitudinal braces) provide weaker stiffness than transverse members. erefore, the transverse stiffness of the structure is larger than the longitudinal stiffness. From the first mode of vibration, the stiffness of the longitudinal component should be strengthened in the design. 
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(2) As shown in Table 2 , the natural frequency of the wharf model structure presents a piecewise centralized distribution, and the first three natural frequencies of the structure do not change much in the frequency range of 11-13 Hz, which indicates that the stiffness of the structure is relatively uniform. In the first three modes with low frequencies, the structure is more easily excited by external loads. When the structure is subjected to horizontal loads, such as impact force, the vibration response of the first three modes may predominate. e frequencies of the third and fourth modes, the seventh and eighth modes, and the tenth and fifteenth modes are close to each other, and the frequencies jump in stages, reflecting the dramatic change in the corresponding stiffness from simple modes to complex modes. erefore, the excitation sources in these ranges should be avoided as much as possible when the wharf structure test is carried out.
Transient Dynamic Analysis of the Wharf Test Model Structure
Deformation of Structure.
e semisinusoidal wave load used to simulate the impact force was applied to the structure, and the displacement response of the wharf structure under this load was calculated. In the finite element calculation of the wharf, the displacement of the wharf top node is the focus of scientific research and engineering design. e peak displacement of the structure's top node and the impacted node under five working conditions are shown in Table 3 . e displacement-time histories and structural deformation diagrams of key points under five working conditions are given. Among the data shown, the structural deformation diagram corresponds to the time at Advances in Civil Engineering which the maximum response of the structure occurs under each working condition, DMX is the maximum sum of displacement vectors in all directions in the structural deformation diagram, and SMN and SMX are the minimum displacement and maximum displacement of the nodes corresponding to the maximum response time of the current query, respectively. e expanded analysis of the whole deformation of the structure and the displacement-time history curve of the joints are detailed below:
(1) e analysis in Figure 10 shows that when the structure fully responds to the impact load, the point with larger vector displacement appears far from the action point, indicating that the structure shows greater overall stiffness under the impact dynamic load. e time at which the maximum impact force reaches 10.3 kN is 1.0 s, but the maximum displacement occurs at more than 1.05 s. is is because the energy transfer of the impact force takes a certain amount of time in the structure, and the response of the structure has a lag effect. e one-way full response lag time of the structure is 0.05 s, which also shows that the frame structure has better overall rigidity.
(2) Table 3 shows that the maximum displacement of the top node of the structure under working condition 2 is the largest and that the displacement of the loading point under working conditions 3-5 is the largest and tends to decrease. is is because, under working condition 2, the lateral stiffness of the structure at the loading point is larger and the local deformation and energy absorption of the loading point are less. Conversely, the stiffness of the structure is the smallest at the action point of working conditions 3-5, and the local deformation and energy absorption of the action point are larger. (3) From the analysis of the displacement-time history curve of the joint shown in Figure 11 , it can be seen that the displacement-time history curve is approximately half sinusoidal waveform during the action time of the impact load of 2 seconds, which is consistent with the impact load-time history curve waveform. e displacement value of the observed node increases sharply in the first 1.0 second and decreases in the last 1.0 second. Since 6S after the time history curve is the monitoring of the structural vibration after loading, at this time, because of the natural vibration of the structure, the node of the structure has obvious displacement that is opposite to the loading direction at 2.3 s, and the maximum displacement does not exceed 1/13 of the loading direction displacement. Under the condition of the impact dynamic load and the consolidation of the pile bottom, the structure shows positive and negative back-and-forth vibration of the load action, but the vibration in the direction of the load phase is very small and can be neglected.
3.2.2.
Stress of the Structure. e peak stress of the pile foundation structure and its location under ve working conditions are shown in Table 4 . Table 5 lists the stress peak values of the main components of the lower structure of the test model under various working conditions. In addition, the stress distribution diagram of the whole structure under different working conditions at the maximum response time is given, and the nodes that produce the maximum stress response are taken as the key points. e stress-time history diagram is also shown.
(1) As can be seen from Table 4 and Figures 12 and 13 , the maximum stress response time of the wharf model structure under a low-speed impact load is 1.05 s, and the stress waveform and load remain constant. e peak value is 0.05 s later than the peak value of the impact load. At the end of impact loading, different degrees of stress vibration Advances in Civil Engineering appeared in various working conditions. In working condition 1 and working condition 2, the maximum stress appears on the lower side of the joint between the first row of the steel casing and the steel cross bracing, that is, the welding place of the two steel members of the steel casing and the steel cross bracing. e maximum stress in working conditions 3-5 occurs near the impact force acting on the steel docking column. us, when the structure is subjected to a horizontal dynamic load, the maximum stress appears in the weakest part of the structure. From the point of view of the equivalent force peak in the whole structure, the stress peak value of the components in working conditions 3-5 is 102 times larger than that in working conditions 1-2. is is because of the hollow steel tube of the docking column at the loading points of the latter three working conditions; the transverse stiffness is less than the longitudinal stiffness of the steel tube at the junction of the steel transverse brace and the steel casing, and the steel casing is wrapped by a reinforced concrete core. (2) From Table 5 , it can be seen that the peak stress values of the steel casing members under the same working condition are generally larger than those of reinforced concrete pile foundations. is indicates that the steel casing absorbs more impact energy during structural transmission under impact force and the mechanical properties of the reinforced concrete piles are not fully developed. Figures 14 and 15 show that the stress concentration of the steel casing is extensive at the joints of the longitudinal and transverse braces, while the stress distribution of the reinforced concrete pile core in the steel casing is relatively uniform because of the hoop action of the steel sheath. e maximum stress of the pile foundation appears in the embedded section of the foundation because the lateral loads on the superstructure are ultimately borne by the embedded section of the pile foundation, and there are no lower stiffness components in the embedded section of the pile to absorb the energy resulting from the impact load.
Conclusion
e dynamic response analysis of the first structural section of the second-phase wharf of Chongqing Orchard Port under lateral impact load reveals several phenomena:
(1) e rigidity of the model structure of the rocksocketed cast-in-place pile wharf with steel casing was strengthened by the reinforcement of the longitudinal and transverse braces of reinforced concrete and the frame structure of the steel longitudinal and transverse braces. e integrality is good, but the longitudinal rigidity of the structure needs to be strengthened. e modal frequencies of the structure are concentrated in segments, and the stiffness values of the same group of modes of the model structure are close to each other. is shows that the stiffness distribution of the structure is uniform, and the frequency jumps between different frequency bands, which is necessary to avoid the excitation loads near each dense frequency band. (2) e displacement response of the frame structure to transverse impact dynamic load is consistent for different load action points. It is necessary to avoid the transverse load action in the position at which the local stiffness of the frame structure is larger in order to avoid the back-and-forth vibration caused by excessive displacement of the whole structure. (3) e stress response-time history of the structure is consistent with the load waveform. At the end of the 2S load, stress vibration occurs. e overall stiffness of the frame structure is better, but the stress concentration occurs in the longitudinal/transverse braces, the steel casing, and their connections. e stress distribution of the reinforced concrete pile core is relatively uniform because of the hoop action of the steel casing, and the stress at the bottom of the embedded section of the foundation is larger. In the design, other longitudinal/transverse braces with higher stiffness should be considered, and new structural forms should be used to reinforce or distribute stress in places connected with steel casing. Steel-concrete cooperative structural forms made of steel casing and reinforced concrete pile cores with improved mechanical properties should be adopted. (4) is paper reports the dynamic response analysis of the overhead vertical wharf with rock-socketed steel sheath piles. e influence of welding effects, such as the influence of the steel longitudinal/transverse brace and steel sheath on the structural dynamic response, was not considered, and the dynamic coupling response of the single-foundation embedded in the pile foundation was not considered. Further research should be carried out in combination with the theory of steel-concrete structure coupling and pile-foundation coupling.
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